We have investigated the structural dynamics in photoexcited 1,2-diiodotetrafluoroethane molecules (C 2 F 4 I 2 ) in the gas phase experimentally using ultrafast electron diffraction and theoretically using FOMO-CASCI excited state dynamics simulations. The molecules are excited by an ultra-violet femtosecond laser pulse to a state characterized by a transition from the iodine 5p⊥ orbital to a mixed 5p|| σ hole and CF 2  antibonding orbital, which results in the cleavage of one of the carbon-iodine bonds. We have observed, with sub-Angstrom resolution, the motion of the nuclear wavepacket of the dissociating iodine atom followed by coherent vibrations in the electronic ground state of the C 2 F 4 I radical. The radical reaches a stable classical (non-bridged) structure in less than 200 fs.
The conversion of light into chemical and mechanical energy at the level of single molecules is an essential mechanism that has applications across multiple fields. In order to fully understand and accurately model these processes, it is crucial to observe them with atomic resolution on their natural timescale of femtoseconds. The photodissociation of 1,2-diiodotetrafluoroethane (C 2 F 4 I 2 ) is a nonconcerted reaction in which an iodine atom is eliminated quickly, within 200 fs, while the second iodine is eliminated on a longer timescale of tens of picoseconds [1] [2] [3] [4] [5] [6] [7] . The dynamics of this reaction have been studied extensively, both experimentally and theoretically, in order to determine whether the short-lived radical takes on a bridged structure where the iodine atom is equidistant between the two carbon atoms, or whether it takes a classical structure that resembles the parent molecule before one iodine atom is eliminated [8] [9] [10] [11] [12] [13] . In picosecond X-ray diffraction experiments in solution, the photo-dissociation of C 2 F 4 I 2 was determined to lead to the classical radical structure, while experiments with C 2 H 4 I 2 showed that the radical took the bridged structure [14] [15] [16] . The classical structure for the intermediate C 2 F 4 I in the gas phase was observed with Ultrafast Electron Diffraction (UED) with a resolution of a few picoseconds [1, 3, 7] . It is still an open question whether the bridged structure of C 2 F 4 I in the gas phase exists on a shorter time scale. In addition, the previous experiments could not directly observe the formation of the radical and the ensuing dynamics because the combined spatiotemporal resolution was not sufficient to resolve the underlying nuclear motion.
Previous gas phase picosecond UED experiments have been used to capture the structure of short lived intermediate molecular states [1, 3, 17] and to determine 3D molecular structure from aligned molecules [18] . Although UED experiments in condensed matter samples were able to reach femtosecond resolution [19] , in gas phase experiments the resolution had been limited to the picosecond timescale, mainly by the velocity mismatch between laser and electron pulses. Recently, it has become possible to achieve femtosecond resolution in gas phase UED using relativistic (MeV) electron pulses [20] , with first experiments that observed rotational and vibrational nuclear wavepackets in diatomic molecules [21, 22] and follow up experiments that captured the dynamics in a complex reaction involving the passage through a conical intersection [23, 24] . Here we use UED to investigate the prompt photo-dissociation of C 2 F 4 I 2 , the formation of the C 2 F 4 I radical and the subsequent coherent dynamics in the electronic ground state. We have experimentally observed the nuclear wavepacket of the dissociating iodine atom, determined that the classical structure is formed within one vibrational period of the C-I bond (~200 fs), and measured coherent motion in the radical corresponding to vibrations and rotations of the isolated CF 2 group. The observed structure of the radical and coherent motion are in agreement with FOMO-CASCI [25] [26] [27] excited state dynamics simulations with 12 electrons in 8 orbitals.
The UED experiment reported here, was carried out using the MeV UED setup at SLAC, sketched in Figure 1a and described elsewhere [23] . Briefly, the electron and laser beam are approximately collinear as they traverse a gas jet containing C 2 F 4 I 2 molecules. The electrons are accelerated to 3.7 MeV in an RF gun at a repetition rate of 120 Hz, with each pulse containing 20k-25k electrons on target. The laser pulse centered around 265 nm has a duration of 80 fs FWHM, energy of 2.5 µJ and is focused to a ~300 µm 2 diameter at the interaction region. The fastest response observed in the data was 145 fs, which we take as the upper limit of the overall temporal resolution of the instrument (see the Supplemental Information). The excitation percentage was determined to be 6%, based on the magnitude of the changes in the diffraction signal. The scattered electrons are captured by a phosphor screen with a hole in the center for the transmitted electron beam to pass through, which is imaged onto an electron multiplying CCD camera. Pump-probe data was recorded by varying the delay between laser and electrons in 25 fs steps, with approximately 1000 s of data accumulated at each time step. There are two conformers in this molecule, the anti and gauche, as shown in Figure 1b . Both conformers are included in the data analysis and the calculations. We have determined from the static diffraction patterns that under our experimental conditions the sample before excitation is comprised of 90% anti and 10% of the gauche conformer. This ratio corresponds to a temperature of ~200 K which is consistent with the properties of the gas jet [28] .The details of the sample delivery and data analysis are described in the Supplemental Information. The diffraction patterns are pre-processed to remove noise from dark current, scattered laser light, and random non-scattering events. Time-zero and the temporal resolution are determined by fitting an error function to the strongest time-dependent features in the data.
The potential energy landscape of C2F4I2 is depicted in Fig. 1d in schematic form for a 2D cut consisting of rigid stretching of the two C-I bonds, A and B, from the anti conformer, using FOMO-CASCI(12e,8o,kT=0. nm pump wavelength used in the experiment involve four relevant excited states (S 1 -S 4 ) ranging from 4.51 eV to 4.61 eV at the FC point. These can be divided into two quasi-degenerate subsets corresponding to exciting each C-I bond from an occupied 5p⊥ orbital to a mixed 5p|| σ hole and CF 2  antibonding orbital. The quasidegeneracy of each pair of states stems from the 2x 5p⊥ orbitals on each bond. Photoexcitation to one of these states results in a significant dissociative force being applied along the direction of the involved C-I bond, promoting prompt dissociation to C 2 F 4 I + I. As this dissociation occurs, the 2-fold degenerate excited state coalesces with the ground state dissociation limit to form a 3-fold degenerate singly-dissociated C 2 F 4 I + I (in the absence of spin-orbit coupling). Double dissociation to C 2 F 4 + 2I is accessible from the excited FC point and involves higher 9-fold degeneracy. In an adiabatic picture the four excited states at the FC point appear to be weakly avoided crossings, e.g., as evidenced by sharp crossings in the adiabatic picture and by the localizability of the excited states to the two C-I bonds. The theoretical analysis shows a prompt dissociation of the second C-I bond after the first one in some of the trajectories, which is at odds with previous measurements of the reaction, where the second bond breaking takes place on a timescale of tens of picoseconds. This is a limitation of the simulations which we believe is caused by the absence of spin orbit coupling in the theory and the small energy difference between C 2 F 4 I and C 2 F 4 . Thus, for comparison with experiments, we keep only the trajectories where a single C-I bond is broken in the first 800 fs and focus on the dynamics and structure of the C 2 F 4 I radical. Theoretical methods are described in detail in the Supplemental Information.
The total scattering from a randomly oriented distribution of molecules in the gas phase can be written as:
� is the momentum transfer of the scattered electrons, λ is the de Broglie wavelength of the electrons, θ is the scattering angle, and are the scattering amplitude and phase for the i-th atom respectively, is the distance between the i-th and j-th atom, and N is the total number of atoms in the molecule. The first term on the right-hand side of equation 1 is the atomic scattering intensity,
, and contains no structural information. The second term, the molecular scattering , is a sum over the interference pattern created by each atom pair in the molecule. The modified molecular scattering intensity ( ) = × molecular atomic is used to normalize the diffracted intensity which decreases very rapidly with scattering angle. In the case of photo-excitation, the molecules are not randomly oriented due to the angular selectivity of the process. In this case, sM(s) can still be retrieved by first projecting the diffraction pattern onto the Legendre polynomials weighted with |sin ( )|, with φ the azimuthal angle of the diffraction pattern, and keeping only the zeroth order [29] . To elucidate the changes in the diffraction pattern that happen after the excitation by the laser we employed the diffraction-difference method [30] , where ∆ ( , ) = ( , ) − ( , ∞). A sine transform of the sM(s) is used to generate the pair distribution function fr(r) which has a peak corresponding to each interatomic distance in the molecule. Figure 1c shows fr(r) for the ground state of the molecule and corresponding interatomic distances. Similarly, the ΔsM(s) can be sine-transformed to generate the difference pair distribution function Δfr(r). In order to perform the sine-transform, the data at < 1.2 Å −1 (missing due to the hole in the detector) needs to be supplemented with theoretical values.
We first focus on whether the radical takes the classical or bridged structure shortly after dissociation using only the experimental ΔsM(s, t=200 fs) which does not require input from theory. Figure 2 (a,b) shows the experimental ΔsM(s) at t = 200 fs along with calculated ΔsM(s) corresponding to the static classical and bridged structures, respectively. The classic structure uses coordinates experimentally measured by Ihee et al. in [1] with UED at a time several picoseconds after the dissociation. The bridged structure [31] was optimized along the lowest lying doublet state at the SA6-CASSCF(7,5) level using the basis sets and corresponding ECP's by Bergner et al. [32] . This local minimum was predicted to be visited transiently by the dissociative wave-packet on a time scale of a few tens of femtoseconds, i.e. without the formation of stable bridged structures. Figure 2 (a,b) shows that the data matches the classical structure significantly better than the bridged structure, with reduced chi-squared values of 1.8 and 8.9, respectively. Figure 2 (c,d) displays the corresponding Δfr(r, t=200 fs). In order to perform the sine transform the experimental values for s < 1.2 Å -1 are filled in with the respective values for each model (classic and bridged). The structural overlap in real space gives a more intuitive view of the quality of fit for the classic structure over the bridged structure. The relatively small differences between the classic and experimental Δfr are thought to arise from the experimental artifacts and from the fact that the molecule is undergoing vibrational motion, which is not included in our model.
We now focus on the experimental data to elucidate the dynamics of the dissociation and the ensuing coherent motion of the radical. The ΔsM(s < 1.2 Å -1 ,t) is filled in by a best fit to a set of calculated structures in which only the iodine atom is moved with respect to the rest of the molecule. Diffraction patterns for different structures are generated by increasing one of the C-I distances in steps of 0.01 Å and convolving the resulting ΔsM(s,d) with a Gaussian to account for temporal-blurring and wavepacket broadening. Each experimental time step is compared with all the calculated structures and the best fit is used to fill in the low s region. This method is applied only for time delays between -200 fs and 50 fs, and reliably captures the increasing C-I distance over this time interval (see Supplementary information for more details). For all time steps > 50 fs, we use the ground state structure with one iodine removed to fill in the missing data region at small angle. Figure 3a shows the experimental ∆fr as a function of time, displaying the changes in interatomic distances. New distances that form appear as regions with positive counts, while missing distances appear as negative peaks, or bleaches. Starting at t=0, long-lived bleaching signals appear corresponding to the missing C-I, F-I, and I-I distances due to the removal of an iodine atom. There is overall good agreement between experiment (Figure 3a) and theory (Figure 3b) . The experiment also captures the departing iodine nuclear wavepacket, which can be seen as positive counts in two regions: between 3.5 Å and 4.0 Å and between 5.5 Å and 6.0 Å, at times between zero and 200 fs. The first region corresponds to an increase in distances between the departing I and F1, F2, F3, F4, and C1 (see Figure 4 ) which originate at 3.1 Å. The second has two main contributions, the increasing distances that originate at 3.1 Å and a new positive streak that originates at the original I-I distance of 5.1 Å. Figure 3c shows the theory convolved with the experimental time resolution of 145 fs, which shows closer agreement with the experiment. The dissociating wavepacket is no longer visible at distances beyond 6.0 Å, as the wavepacket becomes very broad and the amplitude of the signal falls below the detection level of the experiment. Figure 3d shows a lineout of the ∆fr signal at the 3.1 Å position (extracted from the data in Fig. 3a and 3b ) which corresponds to ground state distances between either iodine atoms and F1, F2, F3, and F4 as well as the long C-I distance (the remaining iodine, I, and C2 or the dissociated iodine and C1). The signal drop is faster in the theory due to the finite time resolution of the experiment. Figure 3e shows a lineout of the ∆fr at 3.9 Å which is isolated from all of the ground state distances. At = 50 fs, the large positive signal corresponds to the dissociating iodine wavepacket as it passes through this position. In both cases, there are modulations in the amplitude of the ∆fr that correspond to coherent oscillations in the C2F4I radical after the dissociation. Figures 3d and 3e . At the longer distance, where there is less background from competing ground state distances, the amplitude and temporal structure of the measured signal matches very closely with theory. For the shorter distance there is qualitative agreement with theory, however the amplitude of the oscillations is smaller in the experiment. The out of phase oscillation at the two distances is suggestive of a coherent large amplitude vibration as the wavepacket moves from one position to the other. We now turn to the theory to interpret these signals in terms of nuclear motions. Figure 5b shows calculated density plots of the two C-I distances and Figure  5c shows the corresponding density plots for the long F-I distance in the C 2 F 4 I radical from 46 simulated trajectories. Figure 5b shows that the motion is started by the recoil of the carbon atom at dissociation, which results in fast changes of the long C-I distance over the first 30 fs. In Figure 5c we see that there is no motion of the fluorine atoms over the first 30 fs, followed by large amplitude oscillations. Although, the 3.9 Å lineout in Figure 5a is in quantitively good agreement with the theory, the oscillations in the experimental lineout at 3.1 Å was found to damped much more rapidly than its theoretically predicted counterpart. We believe this discrepancy to be caused by the different contrast of the vibrations at different distances due to dephasing, which seems to happen more rapidly in the experiment than in the simulation. As shown in Figure 5b and 5c, there are multiple distances that contribute to the signal at 3.1 Å, while at the longer distance only the I-F3, I-F4, and I-C2 distances contribute. Based on the theoretical results, we have determined that the oscillations in the data are due to motion of the isolated CF 2 group. We consider an atom X at the center of mass of F3 and F4. The oscillations are due to rotations of F3 and F4 about an axis passing through C2 and X and changes in the C1-C2-X angle as well as changes in the I-C1-C2 angle. Movie1 in the Supplementary Information shows a 3D model of the motion based on a representative trajectory from the simulation.
In summary, we spatially resolved wavepacket dynamics in the photodissociation of C 2 F 4 I 2 using MeV UED and determined that the transient C 2 F 4 I radical forms with the classical structure within one vibrational period of the relevant bonds. These findings were corroborated by FOMO-CASCI calculations. We have also observed coherent dynamics in the electronic ground state of the radical, with close agreement between experiment and theory. 
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